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YAWING DERJXATWES OF A TRIAI!IGurS;, A SWEPT, AND AN 
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A preliminary  investigation  has  been  =de to determine  the  effect 
of  notion  periodicity on %he aerodyrdc derivatives  due  to  yawing 
velocity  and  yawing  acceleration for a 60° delta  wing, a 45' sweptback 
wing,  and 211 unswept  wing.  Results  were  obtained f r o m  steady-state 
.yawing-flow  tests en-d fron tests of the  models  qerfo-ming pure sinusoidal 
yawing  ascillations.  Tle  oscillation  tests  were  made  at  one  value of 
the  reduced-frequence  paraneter, &/2V = 0.23. Tests of models  on otlrler 
oscillating system have  shown a large  depeniience of some derivat-  ives  on 
the  reduced  frequency, pmticularly at  high  angles of aktack;  hence  this 
fact  should  be  kept  in dnd in  considering  the  following  ststenents. 
The  results  showed  that  at  low  angles of attack  there  was good agreement, 
between  steady-state and oscillatory  values os' the  aer0Qnani.c  deriva- 
tives  due  to  yawing  velocity for all  three w i n s s .  At  high  angles  of 
attack  large  differences  occurred  between  steady-state  and  oscillatory 
values  of  the  derivatives  due to yawing  velocity  for  all  three wings. 
The  derivatives  due to yawing  acceleration  varied  approximately Linearly 
with  angle  of  sttack 1r1 the low angle-of-attack  range.  At  angles of 
attack  near and zbove mzxim lift,  these  derivatives  showed no linear 
dependence  on mgle @f attack  an2  a%tained  large  numerical  values. 

A description of the  design  and  "ction of the  instrumentation  used 
in  the  investigation  is  included in the  aspendix. 
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INTRODUCTION 
a. 

The  advent of high-speed  airplanes  of  high  relative  density  has 
focused  attention or, certain  problems  associated wit'n the  dynamic  sta- 
bility  of  aircraft  which,  because of previous  unimsortance,  have  here- 
tofore  beerr  neglected.  An;ong  the  problems  ere  the  effect  of  periodicity 
of  the airplme motion  on  the  stability  derivatives, a~-d the  possibility 
that  acceleration  derivatives  (xbich  generally  have  been  neglected  when 
making dyndc stability  calculations) may be  important  for  certain  air- 
plme configurations. 

Some information  on  both  problems  already has been  obtained  exper- 
imentally.  References 1 through 3, for  exaxple, show comparisons  between 
damping-i:n-yaw  derivatives  obtained f r o m  steady-state  tests  performed by 
use  of  the  Langley  stability  tunnel  curved-flow  technique  and from tests 
in which  -the  models  were  oscillated  about  their  vertical  axes.  The 
farmer technique  permits  measurenents  of  the  derivatives  due  to  yawing 
velocity,  for  example  the  yawing  monent  due to yawing  velocity C . 
The  lattez  technique  pernits  measurement  of a conibination  of m i n g  
derivatives  (Cnr,,, - Cng,J. A comparison  of  results from the two tech- 
niques for the  sane  model  under  identicel  conditions  indicates  the 
approximate  magnitude  of  the  sideslip  acceleration  derivative 
Such  comparative  tests  have  indicated  that  for  certain  configurations 
the  iierivatives  associate8  wlth  acceleration  in  sideslip  can  be  quite 
large at high  angles of attack.  Direct  measurement of the  si6eslip 
acceleration  derivatives  (reference 4)  have,  of  course,  substantiated 
the  resul-;s  of  the  conparative  tests. 

nr 

cni,uo 
# 

There  is  little  experimental  data avaihble on  the  effect of mtiom 
periodicity on aero-c derivatives  associated  with  linear or angular 
velocity.  Recent  tests  on a series  of  wings  performing  lateral  plunging 
oscillations  across  the  jet  of a tunnel  (ref. 4) have  permitted  evelua- 
tior? of tile derivatives  associated  with  sideslip  velocity  during a sinus- 
oihl sideslipooscillation.  These  results  indicated  that  for a 60° 
delta  and a 45 sweptback  wing et high  angles of attack  the  sideslip 
derivetives  extracted  from  lateral  oscillation  tests  were  much  different 
fron the  cierivatives  obtained  by  the  usual  steady-state  wind-tur-ne1 
procedures. 

As e. continuatioc  of  the  program  to  determine  effects  of  motion 
periodici4;y  on  the  various  stability  derivatives,  the  present  investiga- 
tion wes made  to  deternine  the  derivatives  zssociated with yawing  veloc- 
ity  and  yawing  acceleration  by  use  of an apparatus  which  similated a 
pure  yawing  oscillation.  Dete elso were  obtained  from  steady-state  yawing 
tests  by  use of tne  Langley  stability  tunnel  curved-flow  technique  for 
comparison  with  the  oscillation  data. 

* - 
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The &&,a presented  herein are referred t o  t he   s t ab i l i t y  system of 
&xes  with the origin  located et  the  quw-ter ckord of the T E . ~  aero" 
namic chord. The positive  directions of rorces, moments, and disslace- 
rents   are  shown in   f igme 1. The coefTiciex-ts and syr-bols are defined 
&s foliaws : 

f 

2 

I x z  

L 

Ll 

M 

N 

9 

r 

R 

s 
t 

v 

. Y 

wing span 

wing chord 

frequency 

model  xoment of i ne r t i a  about  the Z axis 

d i s k a c e  between flywheel  centers 

product of i ne r t i a  

" l i f t  

ro l l ing  nonent 

pitching rnocent 

yaving moment 

m-am~c  pressure,  LpV2 
2 

SJI~UIEIZ veloc+ty  in yaw, (r = q ) ,  radim/sec 

throx of flywheels of osci l la t ing mechanism (see fig. 2) 

wing area 

the, sec 

free-strew  velocity 

distance  along  y-axis, Eeasured from wing Plane of symmetry 



Y' &istame be%ween model mounting  point  and  center  of  &ive flywlrleel 

Y lateral  force - 

Cn yawing-moment  coefficient, Rr/qSb 

cu kteral-force coefficient, Y/qS 

a angle of attack,  deg 

$ yaw &-!le, rad 

P xzss aersity  of  air 

; = a r  a t  
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The  subscript (u when  used  with a derivative (for exaqple, Cz,,,,, I 
indicates  that  the  derivat-ive  was  obtained f r o m  an oscillation  test. 

APPARATiS 

Oscillztion  Tests 

The  tests of the  presert  investigation  were  con&ucted  in  the 6- by 
6-foot  test  section of the  Langley  stabilFty  tunnel.  The  oscillation 
equipment  cocstructed  for  the  investigation  was  designed  to  sinulate . 



a pure  yswing  oscillation. A pure  yawing  oscillation  is  an  oscillatory 
motion  in  the x-y plene  such  that  the  airplane is always  heading  into 
the relative  wind - or ,  more  specificially,  it is an oscillatory  aotion 
in  the  x-y  plane  such  that  there  is  no  resultant  lateral  velocity  com- 
ponent  at  the  airplane  center  of  gravity.  The  following  sketch  illus- 
trates  the  gath  and  attitude of an  airslane  perr”orming a sinusoidal 
yawing  oscillation: 

For s model  mounted  in a w i n d  tunnel  suck a motion  corresponds to the 
proper  su-perpositioD of a yas5ng  oscillation  about  the  vertical  axis, 
a lateral  sideslip  oscillstion, ax& the  free-strean?  tunnel  velocity. 
The  condition 0-7 110 lateral  resultant  velocity Ett Vie  assumed  model 
cecter of gravity (or mounting  point) is met  when 

This  consition  was  approximated  in  the  present  investigation  by  use of 
the  apparatus shown schemtically  in figwe 2. Photographs 03 tile 
actual  app3.re.t~~  are  given as figure 3 .  The rsodel was  attached to a 
strain-gaga balame which  was  in  turn  fzstened to a support  system  con- 
sisting  primarily of one  large  streamline  tube.  The  streamlifie  tube was 
supported at  ths en& by flywheels,  which  were  driven  by mems of var- 
ious  shafts,  gears,  End a vzriable-frequency  niotor-generator set.  The 
flywheels  zotate iz opsosite  directions,  hence  the  yaw  angle of the 
model at m y  instant is given by 
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or 

s i n  9 = 
-2R sirs 2sf't 

4 2  2 + 4R2sin22;cfi 
2 
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The Ciste-n-ce between the model  mounting point and the  center of the 
drive  flywheel i s  

y' = - cos \Ir - R cos 2zft 
2 

hence the  velocity of the model tmard  t'ne drive  flywheel i s  

The  model sideslip  velocity i s  

or 

Substitution of equations (2) and (4) into  equation (1) yields 

. 
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2Rz2cos 2aft 

which, for   the nechanism sketched i n  figme 2, is the relat iomhip 
between V and f for  a pure yawing oscilla.tion. This variation i s  
rather complex since V i s  t o  some exten-i; depen6ent on angular  position 
of the Plywheels as indicated by the first term  within  the  bracket. The 
effect  of this term can be  niniciized by m'king 2 large  relative t o  R 
which is, of course, a res t r ic t ion  on the magnitude of the yaw angle. 
In the present  investigation R was 12 inches and 2 was 156 inches, 
hence the mgnitude of the term within the bracket  varied f r o n  0.83 t o  
1.15. An average  value of 1.00 was used  tkroughout the  investigation 
so Via% t le   re la t ionship  between V md f w a s  given by 

v = sf2 

Tne pwing and ro l l ing  monenks acting or? the models &wing the tests 
were neasured by means of a strein-gage  balance. The signals from the  
s t r a in  gage were passed in to   i n s tmen ta t ion  which permitted direct 
measurement of quantities  proportional t o  Yne  moments axe t o  yawing 
velocity ~Lna acceleratior?. The instrrullentation used in   these  tests was 
designed a ~ d  assemble6 by Messrs. C.  G. Narple, and F. M. Yughes of the 
'Lacgley Irstrument  Research  Division. A Gescrigtion of the  design and 
Ifunction of the instrumentation,  prepared by then, i s  given i? the 
appendix. 

Steady-State Tests 

The steady-state yawing t e s t s  were conducted i n  the Langley s t zb i l i t y  
tunnel by use of t'ce curved-flow tecl,rmique wberein the airstrean i s  made 
t o  curve  about a fixed model (see  ref.  5 ) .  Tie model was attached to 
a sicgle-strut  support system which was  i n   t w n  fastened to a 6-coxgonent 
electro-nechanical  balmce. 

The models usee i n  this investigstion were those  previously used i n  
the  investigstion of reference 4 an6 consisted of 2. 60' triangular, a 
$.5O sweptback,  and an vnswzpt  wing. The swept a d  unswept  wings  had 
aspect  ratios of 4.0, mc? tager   ra t ios  or" 0.6. Each  wing was constructed , 
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f r c r m  3/4-inch plywood  and had a  f1e.t-plate a i rzoi l   sect ion w i t h  a c i r -  
' cular  leadir-g edge and e beveled t r a i l i ng  edge. The t r a i l i n g  edges of - ell wings  were beveled t o  provide a trailing-edge  angle of I O o  across 

the  span. Sketches of the three wings and t n e i r  geometric  characteris- 
t i c s  are presefited i n  figure 4. .. 

BeTore tes t ing the models, each wing was  lightened and s t a t i ca l ly  
balanced =bout the mounting point   to  reduce iner t ia   effects   insofar  as 
possible. A canopy  which was used on the wings (f ig .  3 (b) 1 was made of 
ba lm and served t o  streamline  the  protrusion 02 the strain-gage  balance 
above the upper surface of the models a t  a-es of attack. The lead 
weight shown attached t o  the  center of the wing leading edge was required 
fo r   s t a t i c  balance of the unswept'wing  about the yaw (Z)  exis. A l l  
openings i n   t h e  canopies were sealed  to  prevent  leakage or" air through 
the model. 

TESTS 

A l l  t e s t s  of this investigatron were made -io the 6- by 6-foot test 
section of the Langley s t a b i l i t y  twnel. The osc i l la t ion  tests were 
made at a dynamic pressure of 16 pounds per  square  foot and at a reduced 
frequency &/2V of 0.23, a value which was  fixed by the nechar?ics of 
the epparatus  used t o  simulate a pure yawing motion of the nodel. The 
steady-state yawing-flaw t e s t s  were uade a t  a aynamic pressure of 24.9 
pounds per  square  foot m-d at  airstream  curvatuzes  corresponding t o  
values of rb/2V of 0, -O.O3ll, -0.0669, end -0.0869. 

The Remolds nunbers for  the tests, based on the wing mean aerody- 
namic chord, ar-d the  angle-of-attack range for each wing were as follows: 

Wing 

60' n 
4 5 O  sweptback 
Unswept 60: A 
45 sweptback 
Unswept 

-c pressare based on 
Reynolds number 

16 
16 
16 
24.9 
24.9 

I, 262,000 
558,000 
558,000 

1,580,000 
696, ooo 

24 .9 696; ooo 

Anngle-of -attack 
range 

0 to 32' 
0 t o  32O 
0 t o  i6: 
0 t o  320 
o t o  32 
o to 16O 

. 
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COKRECTIONS 

Jet  boundary correctims  to  angle of ztteck enti Zrag coefficierrt, 
deterrined by the nethoC of reference 6 ma based on the data obtained 
from t i e  steady-yawing-flow tests a t  rb/2V = C, have been applied to 
both  the steaAc3-stz;te and oscil latory results. Eo corrections were 
applied -bo the  oscillatory  derivatives because  they were f e l t   t o  be 
smll (ref. 7). The resonance efrects  discussed  in  reference 8 beccme 
imFortax?t, for   the s-equency considere5  herein, only at Mhch numbers 
near  unity, and thus  require no consideration  for  the  present  investi- 
gation. The data have not been corrected  for blockage,  turbulence, or 
support  interference  although  the latter m y  have a sizeable magritude 
a t  the  higher angles of attzck. 

The equations of motion for  a m o d e l  performing a force2  sinusoidal 
yawing osci l lz t ion are 

about the z axis, an6 

=bout the x a i s ,  where B an6 D are t i e  m x i n m  in-phase yawing 
m d  ro l l ing  moments respectively, and C and E the  corresponding 
out-of-phase xtioments supplied by the   s t ra in  gage. The  yaw mgle  of the 
model in  the  present tests was  giver? by equation (2), wni'ch fo r  small 
yaw angles can be written as 

$ = - - s in  2rrft 2R 
2 

from which 

i i  = - - cos 2xft 4flm 
2 



Substituting  equations (8) and ( 9 )  into equations (6) and (7) an& sepa- 
ratillg the noments which are  i s -phse  and out-of-phase with respect t o  
the yaw angle $ yields 

NC = - c2 
4KfR 

q = I, - BZ 
&r2f 2R 

In  coefricient form equs-bions (10) become 

C 
rr2f2RpSb2 

81, BZ 
" 

pSb3 K2f2RpSb3 

E 

\ 

(Out-of-phse) 

( In-phase ) 

> (10) 

(Out-of-phase). 

(In-phase) 
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In  the  present  tests  the  moments B, C, D, and E were  neasured for 
the  wind-on  and  wind-off  conditions  by  the  electronic  equipment  described 
in  the  appendix;  hence  the  coefficients  were  readily  obtained  from  the 
followin: eqmtions : 

‘wind on - ‘win6  o2f 1 
n2f2RpSb2 i 

Cnr = 

As is  shown  in  the  appendix,  the  instrumentation  used  in  this  investi- 
gstion  yielded  readings on a voltmeter 8, or E l  directly  proportional 
to  the  yswing and rolling  moments,  hence  the  aerodynamic  moments B, 
C, D, and E could  be  obtained  readily  and  used  with  equations (12) 
to  obtain  the  desired  aerodynamic  derivatives. 

RESULTS AID DISCUSSION 

The  results of this  investigation  are  presented  in  figures 5, 6, 
and 7 as cwves of  the  various  paraneters  plotted  against  angle of 
ettack.  Iiecent  investigations  of  derivetives  measured  on  oscillating 
models  have  shown a large dependence  of  some  serivatives on reduced 
frequency,  particularly  at Ngh angles  of  attack  (refs. 4 and 9 )  , hence 
the  results of the  present  oscillatory  tests, made at  one  value  of 
reduced  frequency,  would  probably  be  modified  by  frequency  changes. 

Static  Longituzlinal  Characteristics 

The  static  longitudinal  characteristics of the  three  models  are 
presented  in  figure 5 as  curves of k, CD, and C, plotted  against 



angle of attack. These &ata have been presented md discussed  in ref- 
ereace 4 and therefore  me  not  discussed  herein,  but  are  included  prim- 
rily to   re la te   the  lift t o   w g l e  of attack. 

Derivatives Due t o  YEwing Velocity 

The derivatives  associated with yzwing velocity, Cnr, Cz,, and 

*om the  oscil latory a d  steady-state  tests  are given in   f igure  6 'Yr 
BS functiom of the  argle of attack for the three wings tested.   In 
general, the steady-steke and oscillatory  values of the  parameters C,.+ 
hnd Czr a r e   i n  good agreement a t  low angles of a t tack f o r  a l l  t h e e  

wings. A t  high angles of attack, however, the steady-state and oscil la- 
tory  values of these  paraneters axe very  differellt Cn magnitude, and 
of ten  a lso  in  sign. For example a t  an angle of attack of 20' for  the 
45' sweptback wing the steady-state  value of CZr  i s  -0.02, whereas the 

oscillatory  value i s  0.30. The difference between steedy-state and 
oscill&ory  derivatives  are  appreciable f o r  the 45O sweptback wing well 
below the  force  break, which is  in   con t r a s t   t o   r e su l t s  obtained  for  other 
derivetives  (see ref. 4, fo r  example)  where^ d5Tferezce.s 5rt stezdy-state 
and oscillatory  values were appreciable  only et mgles of attack  new and 
above the force  break. 

Derivatives Due t o  Yawing Acceleration 

The derivatives  associated w i t h  yawing acceleration Cn; an& Czi 

are plotted  against  angle of a%tack in   f igure 7 for  the -Lhree wings used 
in  the  investigation. For a l l  t h e e  wings Cn+ w a s  nearly  zero a t  low 

angles of attack, and then  increased at moderate  and high an-gles or" 
attack. At low a the parameter Cz;. increased  negztively approximately 

l inear ly  w i t h  angle of attack Tor a l l  three wings. A t  angles of attack 
near and above mexilmun lift however, Cz;. for  the unswept and 45O swept- 

back wing showed a rapid positive  increase. 

- 

Prelininary  tests have been made t o  determize effects  05 motion 
periodicity on the  aerodynanic  derivatives due to yawing velocity and 
acceleration  for a 6o0 del ta  wing, a 45' sweptback wing,  and zn m-swept 



wing. The osc i l la t ion   t es t s  were made at oce value of %he reduced- 
frequence  parmeter, cub/2V = 0.23. Tests of nodels. on other  oscillating 
system have sho-m- a large ciependence of sone derivatives on the reduced 
frequency, par t icu lzr ly   a t  high mgles of attack, kence t h i s   f a c t  should 
be kept i n  mind i n  considericg  the Tollowing statexerbs: 

1. A t  lox angles of aztack there was  good agreement between steady- 
state ax5  oscilla%ory  values of t i e  aerodynmic  derivatives due t o  
yawing velocity  for 211 three xitxs . 

2. At, high  angles of attack  large  differences  occurred between 
steady-state =ti osci l la tory  vdues of tne  derivatives due t o  yawing 
velocity. 

3. The deriv&tivss due t o  yawing acceleration  varied  agproximately 
lir?-early  with  angle of Ettack  in the low-mgle-of-attack r a g e .  A t  
mgles  gf &ttzck  near an& above m x i m w  lift, these  derivatives showed 
no linear  &epe&exe on w-gle of attack, and attained  large numerical 
value 8 . 
Langley Aeronautical  Laboratory, 

National Advisory C m P t t e e  for  Aeromutics, 
Larrgley Fide, Va., December 5 ,  1953. 



Two quantit ies were neasured by the instrumentation used i n  this 
investigation: the ro l l i r ! !  moments and yawing m n t s  actfng on the 
mdel during Torced osc i lh t ior -s   in  sure yewing. The moments were meas- 
Lred by mezns of resistance-type  strain gages mounted on a strut support 
, m i  attached t o  the model as indicated  in  f igure 2. T!e rtlomn. outputs 
-Jere modiiied by a sine-coshe  resolver drriven by the oscil lati l lg mech- 
a n i s m  so tha t  the output  sigmls of the s t r a in  gage were groport iond to 
the cotnponents oZ the  strah-gage sigmd-s which were ir-phase and out- 
of-phase wi th  the model motion. The osci l la t ion frequency was measured 
by use of a calibrated voltzneter &riven  by a generator  attached t o  Vie 
osci l la t ion equipnent  drive motor. 

The components of the i n s t m e n t a t i o n  were similar t o  those used i n  
the  investigation of relerence 10. The arrangement of components, and 
the  operation of the system vere somewhat different  however. The following 
sections  explain Tie -function and operation or' the instrumentation used 
in  the present  icvestigation. 

Theory of  Instrumentation 

A block diagram of the components of the instrnmntat ion i s  shown 
In  sketch  (a). 

Isolation 

Resolver 
Switch 

Demodulator Power 
axplif ier 

I Balance 
meter 

Sketch  (a} 



Tie output of one strain-gage element, Tor examsle, the yawing moment 
element,  can  be  expressed as 

where 

en  output of strain-gage  bridge,  volts 

Kn cslibration  factor of the  balance,  volts  output  per  volt f t- lb 

E strain-gage supply voltage,  volts 

n , yawing mmnt  applie&  to  balance,  f t - lb  

The voltage E i s  obtained frm E resolver  attached t o   t h e  shaft which 
drives the mdel-oscil lating mechanism, ana varies as the sine or Yre 
cosir,e of the  shaft  rotation  angle 23rft. For the purpose of t h i s  dis- 
cussion l e t  

where Eo is  the rmimuq voltage at the  strain-gage  bridge f k o m  the 
resolver. Equation ( A l )  tinerefore can be writ ten as 

e, = %Eon ccs 2sf t  

where  Fn = KnEo, and i s  a calibratioc  factor which relates the stzt5.c 
strain-gage  output e, to  fne  gpplied yawing  monent n. 

The aerodynamic yawing moment  on the balance is  given by 

Substitctil7-g  equation (Ab) in to  (A3) and -2sing eqmtions (8) and ( 9 )  of 
tke  text  t o  elidna-te + and i$ yields 
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- If the  strain-gage  output  en i s  applied t o  a low-frequency, well- 
danped direct-current meter which w i l l  not  ressocd  appreciably. t o   f r e -  
querrcies near  the test osci l la t ion frequency f, the  average  voltage 

& indicated by the neter i s  

Substitution of equation (AS) iE to  eguation (A6) and integrating yields 

from which 

4- compmison of  equations (A5) and (4-7) shows tlrlet, en is  exactly one- 
half of the  value o r  en when the  resolver i s  i n  such a position so as 
t o  elimivate  the  derivative  not  being neasured. In other words, the 
oscillatory  value of en i s  one-half the mvcinum value of the s t a t i c  
e, for  either the in-phase or out-of-phase corrponen-t. This relathonship 
i s  useIX1 since it permits a s t a t i c   r a t h e r   t ? a n  aynamic calibration of 
the  instrumentation. 

- 

The derivative Nv 

obtaining N;, by using 
resolver. In t h i s  case 

i s  

the 
the 

obtained in  a manner similar t o  tha t  used i n  

sine  rzther than cosine component of the 
equation  obtained i s  



Equations (AS) ard (Ag) can 5e  nondimensionalizea t o  obtain  the 
6esired  derivatives 

and 

2& 2 

The value oi e, used i n  trie ea_uatiom is, of course, the  value 
due t o  aerodymaic  forces.  Effects of inertia  are  el imimted by sub- 
tractir-g wind-off velues from wind-on values. 

- 

A block diagram of the  electronic  eqdpmnt used is  shown as 
sketch (a,). %he resolver i s  a Reeves % n e  R600 resolver and i s  powered 
by a 2300-cps osci l la tor .  This frequency was  selected because it 
resulted i n  a miniam phase shif t  betveen the input znd output of the 
resolver and hence a l s o  resul ted  in  a maximum outgut of the phrse- 
sensit ive demodulator. 

The sir”e or the cos5Ee output of the  resolver can be switched in to  
tbe two-stage isoletion  anglifier.  The anplifier,  which has a gain of 
two, prevents  loa&ir& of the  resolver by the  wire  strain gage thus 
insuring rdnimur;? d is tor t ion   in  Yne vsltage powering the s t r e in  gage. 

The loutput of the wire s t r a in  gage i s  gut   into a two-stage amgli- 
fier i n  order t o  obtein  sufficient iriput into  the  p2ase-sensitive klf- 
wave demo6ulakor with the low loads  obtained on the  balmce  in  the 
present  investigation. The deaoduhtor  output i s  read 012 a damped direct-  
current  xicroameter . 

lossible  Xrrors Associated w i t h  Reduction of Data 

Referring t o  equations (A5) ar-d (A7), it i s  seen that t’ne elec- 
k i c a l  multiplying and ictegrating  processes  elimimke t i e  signals not 
i -  ?base wiCj the reference  voltsge, E. Consider %he lollowing  unwmted 
xoments  which the  belence  senses: 



(a) Aerodyllamic  noments  due t o   h m o n i c s  of basic model motioc due 
t o  linkage .- Harmonics such as cos %, cos 3ccrt, etc.,  being of dif- 
ferent frequency frm -E?!! reTerence voltage, are e l idna ted .  

(b) A<.- 
This  causes a constant nomen%  on the  balance.  Since  the  voltage to tne 
balm-ce i s  reversed  each ha13 cycle,  the  balence  output i s  zlso reversed 
and averages  zero. 

(c )  Turbulence in   a i rs t rean.-  All componelzts not of the sxae fre- 
quency as the reference  voltage are eliminated.  Tfieoretically, i f  the 
turbulence is  t ru ly  rssldom, compoEents a t  or close t o  t i e  reference 
frequency are also eliminated. Wactically, i f  these comgonents a re  or' 
acpreciable magnitude, the indicator w i l l  f luctuate slowly, and it i s  
necessay %ha% these  fluctuations  be  averaged  out by  eye over a long  
period of t i m e .  

(d)  Vibration of nodel on balance .- The mtural frequency of the 
xodel-balance  combination should be as much above the reference ?re- 
quency as possible. The coraents 03 (c), above, apply. 

(e)  Angular acceleration of the model.- T h i s  i s  exactly in phase 
w L t h  the  acceleratiosl  derfvatives. The mome??-ts due t o   i n e r t i a  of the 
model we detemir-ed by osci l la t ing the rnodelwhile it is enclosed i n  
a box,  and are then  subtracted. from the test readir-g t o  give the aero- 
dymnL c rnornent s . 

(f) Linear acceleration of the model.- The l iners  acceleration i s  
given  approximately by j ;  = -kf12f2R cos 25rft, vhich i s  i n  phase xith 4 
and hence a f fec ts  the yzwing velocLty  derivatives if the male1 i s  not 
mass balanced =bout the moment center. The imrements i n  moments due 
t o  this source  are  elillllnated by wind-off tests as explained i n  (e).  
Other  sources or" e r r o r   l i e   i n  the equiprfEnt used: 

( g )  Emonics  in  strain-gage  supply  voltage.- Tnese w i l l  pick up 
any xornen-is on the balance of corresponding  frequencies and cause errors  
i n  the &&a proportional t o  t'ce magnitude of the harmonics present. It 
is, therefore,  important that the s-lrain-gege  supply voltage  be as pure 
a sine or  cosFne wave as possible  in  order  to be consistect w i t h  the 
accurecy desired i n  %he test dzta. 

(h)  Belmce  zero drift.- This i s  usually  very slow cowarea to the 
model osci l la t ion ana the comnents of (b),  above, a g p l y .  
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( i )  Phase error in  strain-gage supply  voltage.- As an example, the 
sine and cosine  output  windings of the resolver used in   these tests are 
90' apzrt  within ?3 minutes. It was possible t o  statically set the zero 
in  the  sine  output winding of the resolver  within 210 minutes of zero 
nodel  position. Wi%h a 20:l r a t i o  or" in-phase t o  out-of-phase component 
of %he rromnt, and a 13-minute error  in  alinenect, the out-of-phase 
reading w i l l  have an %percent  error due to  misalinereat. 

(j) Unbalance& der-odulator .- This i s  a def ini te  source of error 
e s  it can  cause e, r e d i n g  on the indicator w f t h  no output f'rom the 
s t ra in  gages. Durip; these tests the demodulator was balanced carerully 
stfter a w~trmup p e r i d  and was then checked (a-d readjusted, i f  necessary) 
periodically  during each run w i t h  the s t ra in  gages  disconnected. 
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Figure 1.- System of stzbility axes. Arrows indicate positive forces, 
mments , and displecenents . 



Wind Mrectlon 

(a> TOP view. 

Figure 2.- Schematic draw5.ng of mechanism for simulating pure yawing 
oscillation. 
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(b) View looking upstream., 

Figure 2. - Concluded. 



(a) Driving flywheel. 

Fielrc 3.-  Apparatus Gsed in obtaining pure yawing  oscillatlon. 
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(b) Model support strut and unswegt wing. 

Figum 3. - Continued. 
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( c )  Top view of .r'allcwing flywheel. 

Figme 3. - Continued. 
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Clmular leodng  edge 

"f ?. 81 

Delta  wfng 
Aspect mtlo . . . . . . . . . . . . . . . . . . .  2.3/ 
Leaatngedqe  sweep  ari& dw. . . . . . .  60 
DtMm/  awe,  de. . . . . . . . . . . . . .  0 
TWtSt,deP: . . . . . . . . . . . . . . . . . . . .  0 
A w f d  sectlon . . . . . . . . . . . . .  F/ut plate 
A m ,  s9. In. . . . . . . . . . . . . . .  .56/20 
Span, 11). . . . . . . . . . . . . . . . . . .  36.00 
Mwn oerodynomc  chord, ~n . . . . . .  20.79 

CIrcu/ar leadnq @e 

%eve/edport/on 
6.75 

1" 

Swept  wlng 
Aspect ratlo. . . . . . . . . . . . .  4.0 
Ta-r ratto. . . . . . . . . . . . . .  0.6 

1 - 3 6  x 

QArter W d  sweep ang/e, deg. 
D&drul umle. de@ . . . . . .  

45 
0 -~ - 

Twtst, degz . . . . . . . . . . . .  0 
Alrfod section. . . . . . .  f i a t  p fufe 
Area, s9. In. . . . . . . . . . .  324 
Span, /n . . . . . . . . . . . .  36 
Mean  aerodynamfc  chorzi, 11). . . .  9.1 9 

Unswept  wtng 
Asp.& mtto. . . . . . . . . . . . .  4.0 
7uper rutto. . . . . . . . . . . . . .  0.6 
Quarter  chord  sweep ongk, &g . . 0 
Dihedml  angle,  dep. . . . . . . . . . .  0 
Twse dep. . . . . . . . . . . . . . . . .  0 
Alrfod sectton. . . . . . .  F/ot p/afe 
Area, s9. tn. . . . . . . . . . . .  324 
Spon,  In. . . . . . . . . . . . .  36 
Mean  aerodynamfc  chord, In. . . .  9. I9 

7 .  ?>@;re L.- Sketches and georre-lric e h w e z t e r i s t i c s  of the three xing rnodels 
investigated. All dimensiom are in inches. 

. 
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Figure 5.- Lift, drag, and pitching-moment characteristics of wings used 
in   invest igat ion.  
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(a> 60° delta wing. 

Figure 6.- Comparison of. v a h e s  of the derivztives due t o  yawing velocity 
from steady-state end osc i l l s t ion  t e s t s .  
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0 4 8 /2 /6 20 24 28 32 
Angle of  affack, E, deg 

(b) 45O sweptbzck wing. 

Figure 6.- Continued. 
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Figure 7.- Derivatives due to  yawing acceleration for the  three  wings tested. 
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